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ABSTRACT: Memory retrieval is believed to involve a disparate network of
areas, includingmedial prefrontal andmedial temporal cortices, but themech-
anisms underlying their coordination remain elusive. One suggestion is that
oscillatory coherence mediates inter-regional communication, implicating
theta phase and theta-gamma phase-amplitude coupling in mnemonic func-
tion across species. To examine this hypothesis, we used non-invasive whole-
headmagnetoencephalography (MEG) as participants retrieved the location of
objects encountered within a virtual environment. We demonstrate that,
when participants are cued with the image of an object whose location they
must subsequently navigate to, there is a significant increase in 4–8 Hz theta
power in medial prefrontal cortex (mPFC), and the phase of this oscillation is
coupled both with ongoing theta phase in the medial temporal lobe (MTL) and
perceptually induced 65–85 Hz gamma amplitude in medial parietal cortex.
These results suggest that theta phase coupling between mPFC and MTL and
theta-gamma phase-amplitude coupling between mPFC and neocortical
regions may play a role in human spatial memory retrieval. VC 2014 The
Authors. Hippocampus Published byWiley Periodicals, Inc.
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INTRODUCTION
Memory retrieval is thought to depend on the coordination of multi-
ple brain regions, and recent theories posit that communication between
the hippocampus and neocortex, particularly the
medial prefrontal cortex (mPFC), plays a critical role
in long-term memory function (e.g., Frankland and
Bontempi, 2005; Wang and Morris, 2010; Battaglia
et al., 2011; Hyman et al., 2011). One hypothesized
mechanism of information exchange between regions
is oscillatory coupling (e.g., Fries, 2005; Fell and
Axmacher, 2011). In rodents, 6–10 Hz theta oscilla-
tions are prominent in the hippocampal formation
during spatial exploration (Vanderwolf, 1969; O’Keefe
and Nadel, 1978) and theta rhythmicity is associated
with mnemonic function (Winson, 1978). In humans,
3–8 Hz theta power in both the medial temporal lobe
(MTL; Cornwell et al., 2008; Guderian et al., 2009;
Fell et al., 2011; Kaplan et al., 2012; Lega et al.,
2012; Staudigl and Hanslmayr, 2013; see Duzel et al.,
2010 for review) and frontal midline (Klimesch et al.,
2001; Raghavachari et al., 2001; Summerfield and
Mangels, 2005; Griesmayr et al., 2010; Addante
et al., 2011; see Mitchell et al., 2008 for review) have
been correlated with mnemonic function.
Interestingly, rodent studies have demonstrated
phase locking of single unit activity in mPFC to
ongoing hippocampal theta oscillations during active
exploration (Hyman et al., 2005; Siapas et al., 2005);
and enhanced phase coupling between the two regions
during spatial decision-making (Jones and Wilson,
2005; Young and McNaughton, 2009; Benchenane
et al., 2010). Moreover, increases in frontal midline
theta power have been demonstrated to co-occur and
phase couple with hippocampal theta in freely behav-
ing rodents during exploratory behavior and rearing
(Young and McNaughton, 2009). Similarly, phase
locking of single unit activity to 3–8 Hz theta oscilla-
tions in the human MTL during encoding predicts
subsequent memory performance (Rutishauser et al.,
2010) and low-frequency (1–10 Hz) phase-locking
between mPFC and multiple regions, including the
MTL, correlates with successful mnemonic function
(Sauseng et al., 2004; Anderson et al., 2010; Watrous
et al., 2013).
In a parallel line of research, it has been demon-
strated that rodent hippocampal theta occurs along-
side 40–100 Hz gamma oscillations during active
navigation (Bragin et al., 1995; Chrobak and Buzsaki,
1998). In humans, increases in 30–80 Hz gamma
power across occipital regions have been associated
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with visual perception (Gray and Singer, 1989; Tallon-Baudry
and Bertrand, 1999; Hall et al., 2005; Hoogenboom et al.,
2006). Moreover, the amplitude of local gamma rhythmicity can
be modulated by theta phase in the rodent hippocampal forma-
tion during active navigation (Bragin et al., 1995; Chrobak and
Buzsaki, 1998; Colgin et al., 2009; Tort et al., 2009; Belluscio
et al., 2012), and in the human MTL (Mormann et al., 2005;
Axmacher et al., 2010; Staudigl and Hanslmayr, 2013) and neo-
cortex (Canolty et al., 2006; Sauseng et al., 2009; Maris et al.,
2011; van der Meij et al., 2012) during mnemonic function.
Long-range coupling between hippocampal theta phase and neo-
cortical gamma amplitude has also been identified during spatial
exploration in rodents (Sirota et al., 2008). This raises the possi-
bility that theta phase may modulate gamma amplitude in multi-
ple task-relevant regions during cognition (Jensen and Lisman,
1996; for reviews see Lisman and Buzsaki, 2008; Schroeder and
Lakatos, 2009; Canolty and Knight, 2010; Jutras and Buffalo,
2010; Fell and Axmacher, 2011).
To ascertain how changes in oscillatory power and coupling
might interact during human spatial memory retrieval, we used
MEG to measure theta and gamma power across the whole brain
during the cued retrieval of object locations within virtual envi-
ronments and subsequently examined inter-regional theta phase
and theta-gamma phase-amplitude coupling during this time
period, compared to a baseline period of quiet fixation.
MATERIALS AND METHODS
Participants
Seventeen right-handed male participants gave written con-
sent and were compensated for performing the experimental
task, as approved by the local research ethics committee at Uni-
versity College London in accordance with Declaration of Hel-
sinki protocols. All participants had normal or corrected-to-
normal vision and reported to be in good health with no prior
history of neurological disease. Further information about the
participants, stimuli, and task can be found in Kaplan et al.
(2012), where the same data were analyzed for changes in spec-
tral power related to performance.
Procedure
Participants navigated freely in a virtual environment pro-
jected onto a screen in front of them, using a button box with
their right hand to move the virtual viewpoint (Kaplan et al.,
2012). In each of six sessions, participants were asked to collect
and encode the location of six different objects in the environ-
ment, three times each (three objects in each of two practice
sessions). Object location was constant within each session.
Having completed this exploration phase, participants’ memory
for the object locations was then tested in retrieval trials. In
each of six retrieval trials, one per object, a 4-s inter trial inter-
val (ITI) composed of blink phase and baseline fixation period
was followed by a 3-s cue period during which an image of
one object was presented on screen. Participants were subse-
quently placed back in the virtual environment and asked to
navigate to the remembered location of that object and make a
response (Fig. 1a). This provided a total of 36 baseline fixation
and cue periods per participant for the analyses presented here.
MEG Acquisition
Recordings were made using a 275-channel Canadian Thin
Films (CTF) MEG system with superconducting quantum inter-
ference device (SQUID)-based axial gradiometers (VSM Med-
Tech) and second-order gradients in a magnetically shielded room.
Neuromagnetic signals were digitized continuously at a sampling
rate of 480 Hz and then band-pass filtered in the 0.1–120 Hz
range. Head positioning coils were attached to nasion, left, and
right auricular sites to provide anatomical coregistration.
MEG Source Reconstruction
The linearly constrained minimum variance (LCMV) scalar
beamformer spatial filter algorithm from SPM8 (Wellcome
Trust Centre for Neuroimaging, London; Litvak et al., 2011)
was used to generate source activity maps in a 10-mm grid
(Barnes et al., 2003). Coregistration to MNI coordinates was
based on nasion, left and right preauricular fiducial points. The
forward model was derived from a single-shell model (Nolte,
2003) fit to the inner skull surface of the inverse normalized
SPM template. The beamformer source reconstruction algo-
rithm consists of two stages: first, based on the data covariance
and lead field structure, weights are calculated which linearly
map sensor data to each source location; and second, a sum-
mary statistic based on the mean oscillatory power between
experimental conditions is calculated for each voxel.
For the analyses presented here, the final 1s baseline fixation
period from the 4-s intertrial interval prior to cue onset was
contrasted with the period from 0.5 to 1.5 s after cue presenta-
tion (corresponding to the period of performance-related hip-
pocampal theta power differences observed in previous analyses
of these data; Kaplan et al., 2012) across each of the 36
retrieval trials performed by each participant (see Fig. 1a); and
the summary statistic computed for changes in 4–8 Hz theta,
30–45 Hz low- or 65–85 Hz high- gamma power normalized
by the projected sensor white noise power and averaged across
trials. The choice of low (30–45 Hz) and high (65–85 Hz)
gamma frequency bands was primarily motivated by previous
studies of phase-amplitude coupling in the rodent medial tem-
poral lobe, which have demonstrated the existence of two dis-
tinct (low and high) gamma bands (Bragin et al., 1995; Colgin
et al., 2009); and by the observation that the frequency of
gamma band oscillations are conserved across mammalian spe-
cies (Buzsaki et al., 2013).
Phase Coupling
Instantaneous theta phase in voxel n at time t, Ø(t,n), was
extracted from the analytic signal obtained by applying the
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FIGURE 1. Task structure and oscillatory power changes. (a)
Structure of the experiment. Participants first navigate freely in a vir-
tual environment and encode object locations during a learning
period. After a short break their memory for these object locations is
tested. During these retrieval trials a 1.5-s baseline fixation period is
followed by a 3-s cue period (highlighted by the red box), where an
image of one object is presented on screen. Participants are subse-
quently required to navigate to the remembered location of that
object in the environment and make a response. (b) A 4–8 Hz theta
power source reconstruction group-averaged image showing a signif-
icant increase in the mPFC (peak at [0; 58; 22], Z-score: 4.39)
between baseline and cue periods; and (c) 65–85 Hz high gamma
power source reconstruction group-averaged image showing signifi-
cant increases in the visual cortex (peak at [10; 292; 24], Z-score:
4.00) and precuneus (peak at [24; 250; 34], Z-score: 3.80) between
cue and baseline periods. Both images shown at the statistical
threshold of P< 0.001 uncorrected and overlaid on the canonical
Montreal Neurological Institute 152 T1 image. (d) Normalized
power spectra from a virtual electrode placed at the location in
mPFC of the group average peak theta power increase—i.e. [0; 58;
22]—for the cue periods, averaged across n5 17 participants. Note
the peak in the 4–8 Hz theta band (delimited with dashed red lines).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Hilbert transform to the 4–8 Hz band-pass filtered time series
generated by the LCMV beamformer algorithm. The mPFC
seed voxel for each participant was chosen as that with the
greatest theta power increase between baseline and cue periods
within 20 mm of the group maximum co-ordinates, in order
to account for the observed variance in frontal midline theta
source location between participants (Ishihara et al., 1981;
Mitchell et al., 2008). Two metrics were then used to assay
theta phase coupling between a single seed voxel and every
other voxel in the brain: the phase locking value (PLV) and
phase lag index (PLI) (Lachaux et al., 1999; Stam et al., 2007).
The PLV is computed as the resultant vector length of phase
differences over time, such that a larger value indicates less var-
iability in the phase difference between two signals [Eq. (1)].
The PLI is computed by assigning a value of 11 or 21 at
each time step according to whether the phase difference
between seed and source voxels is positive or negative and then
taking the absolute value of the mean over time, which will
tend to zero for randomly distributed phase differences and to
one for a consistent nonzero phase relationship [Eq. (2)]. The
PLI measure is also designed to ameliorate volume conduction
effects by being increasingly less sensitive to coupling effects as
phase differences approach zero (Stam et al., 2007). PLV and
PLI values for each trial are then averaged for each condition
before being entered into a second level statistical analysis.
PLV5
1
T

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Equation 1: The phase locking value (PLV)
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Equation 2: The phase lag index (PLI)
Phase-Amplitude Coupling
To investigate possible theta phase modulation of gamma
amplitude, we examined modified PLV values between a single
theta phase seed and the phase of gamma amplitude in all
other voxels across the brain within each trial (Vanhatalo et al.
2004; Penny et al. 2008). Instantaneous gamma amplitude in
each voxel was obtained by applying the Hilbert transform to
the band-pass filtered time series obtained using the LCMV
beamformer algorithm. This gamma envelope was then band-
pass filtered in the 4–8 Hz theta range, the instantaneous phase
of that envelope obtained by applying the Hilbert transform
for a second time, and PLV of this phase difference calculated
for all voxels in the brain.
Statistical Analysis
For each of the analyses described above, summary images
for each participant were entered into a second level one-
sample t test in SPM8 with a significance threshold of
P< 0.001 uncorrected (cluster extent of at least 10 voxels) and
P< 0.05 family-wise error (FWE) corrected at the cluster-level
for multiple comparisons across the whole brain volume. All
image coordinates are listed in Montreal Neurological Institute
(MNI) space. All images are displayed at the P< 0.001 uncor-
rected threshold, for illustrative purposes, but all effects
reported are significant at the P< 0.05 FWE cluster-level cor-
rected threshold.
Additional Control Analyses
Because of the proximity of frontal midline regions to the
eyes, we wished to control for any possible influence of eye
movements on our measures of changes in oscillatory power
between conditions. We therefore obtained time series for eye
movements in each participant by applying independent com-
ponent analysis (ICA) to sensor level MEG data (using
EEGlab, Delorme et al., 2004; and the FieldTrip software
package, Oostenveld et al., 2011) and isolating eye movement
signals based on their appearance and topology. The variance
of these eye movement time series was computed for each of
the 36 baseline and cue trials, and variance values for all 72 tri-
als were normalized to a mean value of zero and standard devi-
ation of one. The influence of these normalized eye movement
variance values on theta and gamma power measurements at
every voxel in the brain were estimated by linear regression.
This left “residual” theta and gamma power measurements for
all 72 trials, whose variance could not be accounted for by
changes in eye movements between trials, and these residual
values were entered as summary images for each participant
into a second-level one sample t test in SPM8 with a signifi-
cance threshold of P< 0.001 uncorrected and a cluster extent
of at least 10 voxels. Power changes found in this control anal-
ysis were assumed to be independent of any linear effects of
eye movements. An alternative approach would be to use ICA
to remove eye movement components from the sensor level
MEG data prior to further analyses (cf., Fatima et al., 2013).
In addition to eye movements, phase coupling measures can
be biased by concurrent changes in oscillatory power due to
changes in the signal to noise ratio (Muthukumarawamy and
Singh, 2011). Hence, to control for any possible influence of
changes in oscillatory power or changes in eye movements on
our phase and phase-amplitude coupling measures, we repeated
the control analysis described above, with additional regressors
corresponding to oscillatory power in seed and source voxels
for each trial. Specifically, we obtained theta power measure-
ments for the mPFC source voxel in each participant, as well
as theta or gamma power measurements for every other voxel
in the brain, and normalized the mean and standard deviation
of these values to one and zero, respectively, as described above.
The influence of these normalized measures of oscillatory
power in seed and source voxels, as well as normalized eye
movement variance values, on each measure of phase and
phase-amplitude coupling were then removed by linear regres-
sion. This left “residual” phase and phase-amplitude coupling
measures for all 72 trials whose variance could not be
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accounted for by changes in oscillatory power in the seed or
source voxels, or by changes in eye movements, between trials.
These residual values were again entered into a second-level
one sample t test in SPM8 with a significance threshold of
P< 0.001 uncorrected and a cluster extent of at least 10 voxels.
Phase coupling changes found in this control analysis were
assumed to be independent of any linear effects of eye move-
ments or of power changes in the source and seed locations.
RESULTS
Theta Power Changes and Source Reconstruction
We utilized the linearly constrained minimum variance
(LCMV) beamformer algorithm (Barnes et al., 2003) in SPM8
(Litvak et al., 2011) to estimate cortical sources that exhibited
significant increases in theta (4–8 Hz), low (30–45 Hz) and
high (65–85 Hz) gamma power between baseline periods of
quiet fixation and cue periods of putative spatial memory
retrieval. We identified a single region in mPFC that exhibited
a significant theta power increase during the cue period (peak
at [0; 58; 22], Z score5 4.39, Fig. 1b). No regions exhibiting
significant increases in low gamma power were identified. In
the high gamma band, we identified a single region with three
distinct peaks in the visual cortex (first peak at [10; 292; 24],
Z-score5 4.00; second peak at [28; 286; 36], Z-score5 3.79;
Fig. 1c) and precuneus (peak at [24; 250; 34], Z-score-
5 3.80) that exhibited a significant increase in oscillatory
power, presumably due to the visual response induced by the
presentation of the cue (Gray and Singer, 1989; Tallon-Baudry
and Bertrand, 1999; Hall et al., 2005; Hoogenboom et al.,
2006). Additional control analyses indicate that these increases
in oscillatory power were not due to differences in eye move-
ments between conditions (see Materials and Methods).
Theta Phase Coupling
Next, we used the mPFC region that exhibited a significant
theta power increase between baseline and cue periods as a
seed region to investigate changes in theta phase coupling
across the whole brain. The specific seed voxel for each partici-
pant was chosen as that with the greatest theta power increase
between baseline and cue periods within 20 mm of the group
maximum, in order to account for the variance in frontal mid-
line theta source locations between participants (Ishihara et al.,
1981).
First, we used the phase locking value (PLV; see Materials
and Methods) to assay increases in theta phase coupling
between the mPFC seed region and all other voxels in the
brain, finding significant increases in the right anterior medial
temporal lobe (aMTL) between baseline and cue periods (peak
at [20; 216; 226], Z-score5 4.52, baseline PLV5 0.366
0.0072, cue PLV5 0.386 0.0061, Figs. 2a,c). Although the
magnitude of this increase was modest (5%), the effect was
highly consistent, being seen in 15/17 participants.
Next, we made use of the phase lag index (PLI; Stam et al.,
2007) to address the possibility that the observed increase in
mPFC-aMTL theta coupling was an artifact of volume conduc-
tion. In accordance with the observed changes in PLV, we iden-
tified a significant increase in PLI between the mPFC seed
region and the right anterior medial temporal lobe between
baseline and cue periods (peak at [22; 224; 222], Z-score-
5 3.48, baseline PLI5 0.296 0.0086, cue PLI5 0.326
0.0092, Fig. 2b). Again, the magnitude of this increase was
modest (10%), but the effect was highly consistent, being
seen in 14/17 participants. We also observed significant
increases in the PLI with other nearby anterior cingulate cortex
(ACC) and midline - but not lateral - PFC regions. Although
PLI is insensitive to phase coupling with zero lag, the prove-
nance of PLI increases so near to the seed region is hard to
interpret with confidence, and no other regions cleared our sig-
nificance threshold. Additional control analyses indicate that
the increases in theta phase coupling with aMTL were not due
to changes in eye movements or oscillatory power in seed and
source voxels between conditions (see Materials and Methods).
Theta Phase–Gamma Amplitude Coupling
Having identified an increase in mPFC-aMTL theta phase
coupling between baseline and cue periods, we then used the
same mPFC theta source as a seed region to explore theta phase
modulation of high (65–85 Hz) gamma amplitude across the
whole brain. We identified significant increases in phase-
amplitude coupling between baseline and cue periods, measured
using the PLV metric, in medial parietal cortex, extending into
the posterior parahippocampal cortex (peak at [32; 266; 16], Z-
score5 3.81, baseline PLV5 0.356 0.0059, cue PLV5 0.386
0.0059, Fig. 3). Although the magnitude of this increase was
modest (5%), the effect was highly consistent, being seen in
14/17 participants. Moreover, control analyses indicate that this
increase in theta-gamma phase- amplitude coupling was not due
to changes in eye movements or oscillatory power in seed and
source voxels between conditions (see Materials and Methods).
No other regions cleared our significance threshold.
DISCUSSION
We have identified an increase in mPFC theta power during
the cued retrieval of learned spatial representations compared
to a preceding baseline period of quiet fixation (Fig. 1b) and
demonstrated increased coupling between the phase of this
theta signal and both the phase of ongoing theta oscillations in
the right aMTL (Fig. 2) and the amplitude of gamma oscilla-
tions in medial parietal cortex (Fig. 3).
Frontal midline theta power increases around the time of
memory recall are frequently observed in human EEG studies
(Klimesch et al., 2001; Summerfield and Mangels, 2005;
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Griesmayr et al., 2010; Addante et al., 2011), including intra-
cranial EEG (iEEG) recorded during virtual spatial navigation
(Kahana et al., 1999). Similarly, human MEG studies have
identified frontal midline theta sources localized in both ante-
rior cingulate cortex and mPFC regions (Asada et al., 1999;
Ishii et al., 1999). Further research will determine whether
these theta sources are distinct, that is, whether they can be dis-
sociated by their behavioral relevance (e.g., supporting cogni-
tive control versus memory retrieval). Moreover, due to the
inherent constraints of MEG source reconstruction techniques,
it is not possible for us to ascertain whether the single mPFC
theta source we observe is generated by a more complex source
distribution, such as two generators either side of the midline,
although it is consistent with previous human studies (Asada
et al., 1999; Ishii et al., 1999).
Our observation of increased theta phase coupling between
mPFC and right anterior MTL during cued spatial memory
retrieval suggests a role for interregional theta coupling in mne-
monic function. Interactions between these two regions are
thought to support memory consolidation (for review see
Frankland and Bontempi, 2005), and rodent studies have
demonstrated increased mPFC-MTL theta phase coupling dur-
ing spatial memory tasks (Hyman et al., 2005; Jones and Wil-
son, 2005; Siapas et al., 2005; Benchenane et al., 2010; see
Euston et al., 2012 for review). Furthermore, human electrocor-
ticography (ECoG) studies have found increased low frequency
(4–8 Hz) phase coupling between PFC and MTL during mem-
ory recall (Anderson et al., 2010) and demonstrated that the
magnitude of increases in phase coupling between these regions
correlates with successful memory retrieval (Watrous et al.,
2013). It is interesting to note that the increased MTL-mPFC
theta phase coupling observed at decision points during rodent
spatial working memory tasks has a parallel in recent observa-
tions of increased theta coupling between these regions during
human decision-making tasks (Guitart-Masip et al., 2013).
There is a growing body of evidence demonstrating the abil-
ity of MEG source reconstruction to localize deep brain sour-
ces, such as the MTL theta rhythm. The ability to
noninvasively measure MTL activity is further supported by
recent simulation studies (Quraan et al., 2011; Mills et al.,
2012) and simultaneous iEEG/MEG recordings of hippocam-
pal oscillations (Dalal et al., 2013; Staudigl and Hanslmayr,
FIGURE 2. mPFC-aMTL theta coupling during retrieval.
Group-averaged brain images showing a significant increase in
theta phase coupling between the mPFC seed and right aMTL
between baseline and cue periods, identified using the (a) phase
locking value (PLV, peak at [20; 216; 226], Z-score5 4.52) and
(b) phase lag index (PLI, peak at [22; 224; 222], Z-score5 3.48).
Both images shown at the statistical threshold of P< 0.001 uncor-
rected overlaid on the canonical Montreal Neurological Institute
152 T1 image. (c) Circular histogram of theta phase differences
between mPFC seed and aMTL voxel exhibiting the group peak
PLV increase for a single subject at each time point during a typi-
cal baseline and cue period (in this case the PLI values were: base-
line PLV5 0.29, cue PLV5 0.36). Note the narrower distribution
of phase differences during the cue period. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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2013). Notably, in our data, significant increases in theta phase
coupling were observed with the right, but not left MTL. The
right MTL is thought to be important for spatial memory
(Abrahams et al., 1997; Bohbot et al., 1998; Spiers et al.,
2001), while the left MTL is more commonly associated with
verbal memory (Frisk and Milner, 1990). We cannot emphasize
the laterality of our MTL theta coupling findings, however, as
with all neuroimaging studies it is difficult to confirm whether
this arises from the group statistics, and the inherent con-
straints of our source reconstruction technique allow for the
possibility that a correlated theta source in the contralateral
hemisphere could be suppressed (Barnes et al., 2003).
Our observation of increased gamma power in the visual cor-
tex during cue presentation is consistent with a large body of
experimental work suggesting that gamma power in sensory cor-
tices is increased during perception (Gray and Singer, 1989;
Tallon-Baudry and Bertrand, 1999; Hall et al., 2005; Hoogen-
boom et al., 2006). We also observed increased gamma power in
FIGURE 3. mPFC theta phase coupling with medial parietal
gamma amplitude. (a) Group-averaged brain image showing a sig-
nificant increase in coupling between mPFC theta phase and
medial parietal cortex gamma amplitude between the baseline and
cue periods, measured using the PLV (peak at [32; 266; 16], Z-
score5 4.77). Image displayed at the statistical threshold of
P< 0.001 uncorrected and overlaid on the canonical Montreal
Neurological Institute 152 T1 image. (b) Circular histogram of
phase differences between theta oscillations in mPFC seed and
gamma amplitude in the group peak right medial parietal cortex
voxel for a single subject at each time point during a typical base-
line and cue period (baseline PLV5 0.34, cue PLV5 0.40). Note
the narrower distribution of phase differences during the cue
period. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the medial parietal cortex, an area implicated in memory retrieval
(Wagner et al., 2007), spatial memory (Epstein, 2008) and
imagery (Fletcher et al., 1996; Byrne et al., 2007), consistent
with previous findings relating high frequency gamma (Morgan
et al., 2011; Foster et al., 2012) and theta oscillations (Foster
et al., 2013) in the parietal midline to mnemonic retrieval. Fur-
thermore, we have demonstrated that gamma amplitude in this
area is modulated by mPFC theta phase. Local computations in
the cortex are thought to be related to the presence of gamma
oscillations (see Fell et al., 2001; and reviews by Hermann et al.,
2004; Jensen et al., 2007) which could be modulated by the
phase of lower frequency oscillations such as theta (Buzsaki and
Chrobak, 1995; Canolty et al., 2006; Lisman and Buzsaki, 2008;
Schroeder and Lakatos, 2009; Sauseng et al., 2010; Jutras and
Buffalo, 2010; Fell and Axmacher, 2011; Maris et al., 2011).
Recent MEG and iEEG studies have implicated local MTL
theta-gamma coupling in the maintenance of working memory
(Axmacher et al., 2010; Fuentemilla et al., 2010; Poch et al.,
2011) and contextual memory retrieval (Staudigl and Hanslmayr,
2013). Our findings suggest that human mPFC theta temporally
coordinates both aMTL theta and neocortical gamma during
spatial memory retrieval, although further work is necessary to
determine what aspects of this task (e.g. visual cues, mental
imagery, spatial memory, or general memory retrieval processes)
cause these effects.
CONCLUSIONS
Our findings suggest that theta oscillations in mPFC could work
in tandem with theta in the aMTL to coordinate incoming percep-
tual representations from medial parietal and visual areas during
cued spatial memory retrieval. Our results allow for the possibility
that human frontal midline theta generated during memory retrieval
interact with theta rhythms in the medial temporal lobe, and adds
further support to the hypothesis that coupling of theta rhythms
with neocortical gamma oscillations organizes the recruitment of
information from distant neocortical sites (Buzsaki and Chrobak,
1995; Sirota et al., 2008; Buzsaki and Wang, 2012).
Acknowledgments
The authors thank James Bisby, Marc Guitart-Masip, Aidan
Horner, Ole Jensen, Vladimir Litvak, and Will Penny for help-
ful discussion. They are grateful to the Wellcome Trust Centre
for Neuroimaging at UCL for providing facilities. The authors
declare no competing financial interests.
REFERENCES
Abrahams S, Pickering A, Polkey CE, Morris RG. 1997. Spatial mem-
ory deficits in patients with unilateral damage to the right hippo-
campal formation. Neuropsychologia 35:11–24.
Addante RJ, Watrous AJ, Yonelinas AP, Ekstrom AD, Ranganath C.
2011. Prestimulus theta activity predicts correct source memory
retrieval. Proc Natl Acad Sci USA 108:10702–10707.
Anderson KL, Rajagovindan R, Ghacibeh GA, Meador KJ, Ding M.
2010. Theta oscillations mediate interaction between prefrontal
cortex and medial temporal lobe in human memory. Cereb Cortex
20:1604–1612.
Asada H, Fukuda Y, Tsunoda S, Yamaguchi M, Tonoike M. 1999.
Frontal midline theta rhythms reflect alternative activation of pre-
frontal cortex and anterior cingulate cortex in humans. Neurosci
Lett 274:4–14.
Axmacher N, Henseler M, Jensen O, Weinreich I, Elger C, Fell J.
2010. Cross-frequency coupling supports multi-item working
memory in the human hippocampus. Proc Natl Acad Sci USA
107:3228–3233.
Barnes GR, Hillebrand A. 2003. Statistical flattening of MEG beam-
former images. Hum Brain Mapp 18:1–12.
Battaglia FP, Benechenane K, Sirota A, Pennartz CM, Wiener SI.
2011. The hippocampus: Hub of brain network communication
for memory. Trends Cogn Sci 7:310–318.
Belluscio MA, Mizuseki K, Schmidt R, Kempter R, Buzsaki G. 2012.
Cross-frequency phase–phase coupling between theta and gamma
oscillations in the hippocampus. J Neurosci 32:423–435.
Benchenane K, Peyrache A, Khamassi M, Tierney PL, Gioanni Y,
Battaglia FP, Wiener SI. 2010. Coherent theta oscillations and
reorganization of spike timing in the hippocampal-prefrontal net-
work upon learning. Neuron 66:921–936.
Bohbot VD, Kalina M, Stepankova K, Spackova N, Petrides M,
Nadel L. 1998. Spatial memory deficits in patients with lesions to
the right hippocampus and to the right parahippocampal cortex.
Neuropsychologia 36:1217–1238.
Bragin A, Jando G, Nadasdy Z, Hetke J, Wise K, Buzsaki G. 1995.
Gamma (40–100 Hz) oscillation in the hippocampus of the behav-
ing rat. J Neurosci 15:47–60.
Buzsaki G, Chrobak JJ. 1995. Temporal structure in spatially organ-
ized neuronal ensembles: A role for interneuronal networks. Curr
Opin Neurobiol 5:504–510.
Buzsaki G, Wang XJ. 2012. Mechanisms of gamma oscillations. Annu
Rev Neurosci 35:203–225.
Buzsaki G, Logothetis N, Singer W. 2013. Scaling brain size, keeping
timing: evolutionary preservation of brain rhythms. Neuron 80:
751–764.
Byrne P, Becker S, Burgess N. 2007. Remembering the past and imag-
ining the future: A neural model of spatial memory and imagery.
Psychol Rev 114:340–375.
Canolty RT, Knight RT. 2010. The functional role of cross-frequency
coupling. Trends Cogn Sci 14:506–515.
Canolty RT, Edwards E, Dalal SS, Soltani M, Nagarajan SS, Kirsch
HE, Berger MS, Barbaro NM, Knight RT. 2006. High gamma
power is phase-locked to theta oscillations in human neocortex.
Science 313:1626–1628.
Chrobak JJ, Buzsaki G. 1998. Gamma oscillations in the entorhinal
cortex of the freely behaving rat. J Neurosci 18:388–398.
Colgin LL, Denninger T, Fyhn M, Hafting T, Bonnevie T, Jensen O,
Moser MB, Moser EI. 2009. Frequency of gamma oscillations
routes flow of information in the hippocampus. Nature 462:353–
357.
Cornwell BR, Johnson LL, Holroyd T, Carver FW, Grillon C. 2008.
Human hippocampal and parahippocampal theta during goal-
directed spatial navigation predicts performance on a virtual Morris
water maze. J Neurosci 28:5983–5990.
Dalal SS, Jerbi K, Bertrand O, Adam C, Ducorps A, Schwartz D,
Martinerie J, Lachaux JP. 2013. Simultaneous MEG-intracranial
EEG: new insights into the ability of MEG to capture oscillatory
modulations in the neocortex and the hippocampus in:
A.D. Korczyn (Ed.) et al. Epilepsy, Cognition, and
MEDIAL PREFRONTAL THETA PHASE COUPLING DURING SPATIAL MEMORY RETRIEVAL 663
Hippocampus
Neuropsychiatry (Epilepsy, Brain, and Mind, Part 2), Epilepsy and
Behavior 28:283–302.
Delorme A, Makeig S. 2004. EEGLAB: An open source toolbox for
analysis of single-trial EEG dynamics. J Neurosci Meth 134:9–21.
Duzel E, Penny WD, Burgess N. 2010. Brain oscillations and mem-
ory. Curr Opin Neurobiol 20:143–149.
Epstein RA. 2008. Parahippocampal and retrosplenial contributions to
human spatial navigation. Trends Cogn Sci 12:388–396.
Euston DR, Gruber AJ, McNaughton BL. 2012. The role of medial
prefrontal cortex in memory and decision making. Neuron 76:
1057–1070.
Fatima Z, Quraan MA, Kovacevic N, McIntosh AR. 2013. ICA-based
artifact correction improves spatial localization of adaptive spatial
filters in MEG. Neuroimage 78:284–294.
Fell J, Axmacher N. 2011. The role of phase synchronization in mem-
ory processes. Nat Rev Neuro 12:105–118.
Fell J, Klaver P, Lehnertz K, Grunwald T, Schaller C, Elger CE,
Fernandez G. 2001. Human memory formation is accompanied by
rhinal-hippocampal coupling and decoupling. Nat Neurosci 4:
1259–1264.
Fell J, Ludowig E, Staresina BP, Wagner T, Kranz T, Elger CE,
Axmacher N. 2011. Medial temporal theta/alpha power enhance-
ment precedes successful memory encoding: Evidence based on
intracranial EEG. J Neurosci 31:5392–5397.
Fletcher PC, Shallice T, Frith CD, Frackowiak RS, Dolan RJ. 1996.
Brain activity during memory retrieval. The influence of imagery
and semantic cueing. Brain 119:1587–1596.
Foster BL, Dastjerdi M, Parvizi J. 2012. Neural populations in human
posteromedial cortex display opposing responses during memory
and numerical processing. Proc Natl Acad Sci USA 109:15514–
15519.
Foster BL, Kaveh A, Dastjerdi M, Miller KJ, Parvizi J. 2013. Human
retrosplenial cortex displays transient theta phase locking with
medial temporal cortex prior to activation during autobiographical
memory retrieval. J Neurosci 33:10439–10446.
Frankland PW, Bontempi B. 2005. The organization of recent and
remote memories. Nat Rev Neuro 6:119–130.
Fries P. 2005. A mechanism for cognitive dynamics: Neuronal com-
munication through neuronal coherence. Trends Cogn Sci 9:474–
480.
Frisk V, Milner B. 1990. The role of the left hippocampal region in
the acquisition and retention of story content. Neuropsychologia
28:349–359.
Fuentemilla L, Penny WD, Cashdollar N, Bunzeck N, Duzel E. 2010.
Theta-coupled periodic replay in working memory. Curr Biol 20:
606–612.
Gray CM, Singer W. 1989. Stimulus-specific neuronal oscillations in
orientation columns of cat visual cortex. Proc Natl Acad Sci USA
86:1698–1702.
Griesmayr B, Gruber WR, Klimesch W, Sauseng P. 2010. Human
frontal midline theta and its synchronization to gamma during a
verbal delayed match to sample task. Neurobiol Learn Mem 93:
208–215.
Guderian S, Schott BH, Richardson-Klavehn A, Duzel E. 2009.
Medial temporal theta state before an event predicts episodic
encoding success in humans. Proc Natl Acad Sci USA 106:5365–
5370.
Guitart-Masip M, Barnes GR, Horner A, Bauer M, Dolan RJ, Duzel
E. 2013. Synchronization of medial temporal lobe and prefrontal
rhythms in human decision making. J Neurosci 33:442–451.
Hall SD, Holliday IE, Hillebrand A, Singh KD, Furlong PL,
Hadjipapas A, Barnes GR. 2005. The missing link: Analogous
human and primate cortical gamma oscillations. Neuroimage 26:
13–17.
Hasselmo M, Bodelon C, Wyble BP. 2002. A proposed function for
hippocampal theta rhythm: Separate phases of encoding and
retrieval enhance reversal of prior learning. Neural Comput 14:
793–817.
Hermann C, Munk M, Engel A. 2004. Cognitive functions of
gamma-band activity: Memory match and utilization. Trends Cogn
Sci 8:347–355.
Hoogenboom N, Schoffelen JM, Oostenveld R, Parkes LM, Fries P.
2006. Localizing human visual gamma-band activity in frequency,
time and space. Neuroimage 29:764–773.
Hyman JM, Zilli EA, Paley AM, Hasselmo ME. 2005. Medial pre-
frontal cortex cells show dynamic modulation with the hippocam-
pal theta rhythm dependent on behaviour. Hippocampus 15:739–
749.
Hyman JM, Hasselmo ME, Seamans JK. 2011. What is the functional
relevance of prefrontal cortex entrainment to hippocampal theta
rhythms. Front Neurosci 4:24.
Ishihara T, Hayashi H, Hishikawa Y. 1981. Distribution of frontal
midline theta rhythm (FmO) on the scalp in different states (men-
tal calculation, resting and drowsiness). EEG Clin Neurophysiol
52:S19.
Ishii R, Shinosaki K, Ukai S, Inouye T, Ishihara T, Yoshimine T,
Hirabuki N, Asada H, Kihara T, Robinson SE, Takeda M. 1999.
Medial prefrontal cortex generates frontal midline theta rhythm.
Neuroreport 10:675–679.
Jensen O, Lisman JE. 1996. Hippocampal CA3 region predicts mem-
ory sequences: Accounting for the phase precession of place cells.
Learn Mem 3:279–287.
Jensen O, Kaiser J, Lachaux J. 2007. Human gamma-frequency oscil-
lations associated with attention and memory. Trends Neurosci 30:
317–324.
Jones MW, Wilson MA. 2005. Theta rhythms coordinate
hippocampal-prefrontal interactions in a spatial memory task.
PLoS Biol e402.
Jutras MJ, Buffalo EA. 2010. Synchronous neural activity and mem-
ory formation. Curr Opin Neurobiol 20:150–155.
Kahana MJ, Sekuler R, Caplan JB, Kirschen M, Madsen JR. 1999.
Human theta oscillations exhibit task dependence during virtual
maze navigation. Nature 399:781–784.
Kaplan R, Doeller CF, Barnes GR, Litvak V, Duzel E, Bandettini PA,
Burgess N. 2012. Movement-related theta rhythm in humans:
Coordinating self-directed hippocampal learning. PLoS Biol
e1001267.
Klimesch W, Doppelmayr M, Stadler W, Pollhuber D, Sauseng P,
Rohm D. 2001. Episodic retrieval is reflected by a process specific
increase in human electroencephalographic theta activity. Neurosci
Lett 302:49–52.
Lachaux J, Rodriguez E, Martiniere J, Varela F. 1999. Measuring
phase synchrony in brain signals. Hum Brain Mapp 8:194–208.
Lega BC, Jacobs J, Kahana M. 2012. Human hippocampal theta oscil-
lations and the formation of episodic memories. Hippocampus 22:
748–761.
Lisman J, Buzsaki G. 2008. A neural coding scheme formed by the
combined function of gamma and theta oscillations. Schizophr
Bull 34:974–980.
Litvak V, Mattout J, Kiebel S, Phillips C, Henson R, Kilner J, Barnes
G, Oostenveld R, Daunizeau J, Flandin G, Penny W, Friston K.
2011. EEG and MEG data analysis in SPM8. Comput Intell Neu-
rosci 2011:852961.
Maris E, van Vugt M, Kahana M. 2011. Spatially distributed patterns
of oscillatory coupling between high-frequency amplitudes and
low-frequency phases in human iEEG. Neuroimage 54:836–850.
Mills T, Lalancette M, Moses SN, Taylor MJ, Quraan MA. 2012.
Techniques for detection and localization of weak hippocampal
and medial frontal sources using beamformers in MEG. Brain
Topogr 25:248–263.
Mitchell DJ, McNaughton N, Flanagan D, Kirk IJ. 2008. Frontal-
midline theta from the perspective of hippocampal “theta.” Prog
Neurobiol 86:156–185.
664 KAPLAN ET AL.
Hippocampus
Morgan HM, Muthukumarawamy SD, Hibbs CS, Shapiro KL,
Bracewell RM, Singh KD, Linden DEJ. 2011. Feature integration
in visual working memory: Parietal gamma activity is related to
cognitive coordination. J Neurophysiol 106:3185–3194.
Mormann F, Fell J, Axmacher N, Weber B, Lehnertz K, Elger CE,
Fernandez G. 2005. Phase/amplitude reset and theta-gamma inter-
action in the medial temporal lobe during a continuous word rec-
ognition memory task. Hippocampus 15:890–900.
Muthukumaraswamy SD, Singh KD. 2011. A cautionary note on the
interpretation of phase-locking estimates with concurrent changes
in power. Clin Neurophysiol 122:2324–2325.
Nolte G. 2003. The magnetic lead field theorem in the quasi-static
approximation and its use for magnetoencephalography forward
calculation in realistic volume conductor. Phys Med Biol 48:3637–
3652.
O’Keefe J, Nadel L. 1978. Hippocampus as a Cognitive Map. New
York: Oxford UP.
Oostenveld R, Fries P, Maris E, Schoffelen J-M. 2011. FieldTrip:
Open source software for advanced analysis of MEG, EEG, and
invasive electrophysiological data. Comput Intell Neurosci 2011:
156869.
Penny WD, Duzel E, Miller KJ, Ojemann JG. 2008. Testing for
nested oscillations. J Neurosci Meth 174:50–61.
Poch C, Fuentemilla L, Barnes GR, Duzel E. 2011. Hippocampal
theta-phase modulation of replay correlates with configural-
relational short-term memory performance. J Neurosci 31:7038–
7042.
Quraan MA, Moses SN, Hung Y, Mills T, Taylor MJ. 2011. Detec-
tion and localization of hippocampal activity using beamformers
with MEG: A detailed investigation using simulations and empiri-
cal data. Hum Brain Mapp 32:812–827.
Raghavachari S, Kahana MJ, Rizzuto DS, Caplan JB, Kirschen MP,
Bourgeois B, Madsen JR, Lisman JE. 2001. Gating of human theta
oscillations by a working memory task. J Neurosci 21:3175–3183.
Rutishauser U, Ross IB, Mamelak AN, Schuman EM. 2010. Human
memory strength is predicted by theta-frequency phase-locking of
single neurons. Nature 464:903–907.
Sauseng P, Klimesch W, Doppelmayr M, Hanslmayr S, Schabus M,
Gruber WR. 2004. Theta coupling in the human electroencephalo-
gram during a working memory task. Neurosci Lett 354:123–126.
Sauseng P, Klimesch W, Heise KF, Gruber WR, Holz E, Karim AA,
Glennon M, Gerloff C, Birbaumer M, Hummel FC. 2009. Brain
oscillatory substrates of visual short-term memory capacity. Curr
Biol 19:1846–1852.
Sauseng P, Griesmayr B, Freunberger R, Klimesch W. 2010. Control
mechanisms in working memory: A possible function of EEG theta
oscillations. Neurosci Biobehav Rev 34:1015–1022.
Schroeder CE, Lakatos P. 2009. Low-frequency neuronal oscillations
as instruments of sensory selection. Trends Neurosci 32:9–18.
Siapas AG, Lubenov EV, Wilson MA. 2005. Prefrontal phase locking
to hippocampal theta oscillations. Neuron 46:141–151.
Sirota A, Montgomery S, Fujisawa S, Isomura Y, Zugaro M, Buzsaki
G. 2008. Entrainment of neocortical neurons and gamma oscilla-
tions by the hippocampal theta rhythm. Neuron 60:97.
Spiers HJ, Burgess N, Maguire EA, Baxendale SA, Hartley T,
Thompson PJ, O’Keefe J. 2001. Unilateral temporal lobectomy
patients show lateralized topographical and episodic memory defi-
cits in a virtual town. Brain 124:2476–2489.
Stam CJ, Nolte G, Daffertshofer A. 2007. Phase lag index: Assessment
of functional connectivity from multi channel EEG and MEG
with diminished bias from common sources. Hum Brain Mapp
28:1178–1193.
Staudigl T, Hanslmayr S. 2013. Theta oscillations at encoding mediate
the context-dependent nature of human episodic memory. Curr
Biol 23:1101–1106.
Summerfield C, Mangels JA. 2005. Coherent theta-band EEG activity
predicts item-context binding during encoding. Neuroimage 24:
692–703.
Tallon-Baudry C, Bertrand O. 1999. Oscillatory gamma activity in
humans and its role in object representation. Trends Cogn Sci 3:
151–162.
Tort AB, Komorowski RW, Manns JR, Kopell NJ, Eichenbaum H.
2009. Theta-gamma coupling increases during the learning of
item-context associations. Proc Natl Acad Sci USA 106:20942–
20947.
van der Meij R, Kahana M, Maris E. 2012. Phase–amplitude coupling
in human electrocorticography is spatially distributed and phase
diverse. J Neurosci 32:111–123.
Vanderwolf CH. 1969. Hippocampal electrical activity and voluntary
movement in the rat. Electroencephalogr Clin Neurophysiol 26:
407–418.
Vanhatalo S, Palva JM, Holmes MD, Miller JW, Voipio J, Kaila K.
2004. Infraslow oscillations modulate excitability and interictal epi-
leptic activity in the human cortex during sleep. Proc Natl Acad
Sci USA 101:5053–5057.
Wagner AD, Shannon BJ, Kahn I, Buckner RL. 2007. Parietal lobe
contributions to episodic memory retrieval. Trends Cogn Sci 9:
445–453.
Wang SH, Morris RG. 2010. Hippocampal-neocortical interactions in
memory formation, consolidation, and reconsolidation. Ann Rev
Psychol 61:49–79.
Watrous AJ, Tandon N, Conner CR, Pieters T, Ekstrom AD. 2013.
Frequency-specific network connectivity increases underlie accurate
spatiotemporal memory retrieval. Nat Neurol 16:349–356.
Winson J. 1978. Loss of hippocampal theta rhythm results in spatial
memory deficit in the rat. Science 201:160–163.
Young CK, McNaughton N. 2009. Coupling of theta oscillations
between anterior and posterior midline cortex and with the hippo-
campus in freely behaving rats. Cereb Cortex 19:24–40.
MEDIAL PREFRONTAL THETA PHASE COUPLING DURING SPATIAL MEMORY RETRIEVAL 665
Hippocampus
